Provenance-specific growth responses to experimentally applied drought and air warming were studied in saplings of three European oak species: Quercus robur, Quercus petraea and Quercus pubescens. Four provenances of each species were grown in large open-top chambers and subjected to four climates: control, periodic drought, air warming or their combination in 3 subsequent years. Overall growth responses were found among species and provenances, with drought reducing shoot height growth and stem diameter growth and air warming stimulating shoot height growth but reducing stem diameter growth and root length growth. Differential growth responses in shoots, stems and roots resulted in altered allometric growth relations. Root length growth to shoot height growth increased in response to drought but decreased in response to air warming. Stem diameter growth to shoot height growth decreased in response to air warming. The growth responses in shoots and stems were highly variable among provenances indicating provenance-specific sensitivity to drought and air warming, but this response variability did not reflect local adaptation to climate conditions of provenance origin. Shoot height growth was found to be more sensitive to drought in provenances from northern latitudes than in provenances from southern latitudes, suggesting that genetic factors related to the postglacial immigration history of European oaks might have interfered with selective pressure at provenance origins.
Introduction
Global warming is considered a serious threat to forest ecosystems in the twenty-first century. The predicted increase in frequency and intensity of heatwaves and summer droughts will have strong impacts on tree growth and viability, thereby changing the stability and productivity of natural and managed forests (Ciais et al. 2005 , Leuzinger et al. 2005 . The ability of individual tree species to cope with such environmental stresses needs to be considered in future silvicultural strategies. For example, a risk assessment for European tree species revealed potential risks of habitat loss for droughtsensitive species, e.g., Fagus sylvatica, Picea abies and Abies alba (Ohlemüller et al. 2006 , Gessler et al. 2007 , while drought-tolerant species, e.g., Quercus spp. (oaks), will face much lower risks of habitat loss. Indeed, oaks might even benefit from climate change as they are expected to become increasingly competitive with tree species less tolerant to drought (Zimmermann et al. 2006) .
The genus Quercus (oaks) comprises ~400 deciduous and evergreen tree and shrub species occupying a wide variety of habitats in temperate, Mediterranean, subtropical and tropical areas (Kleinschmit 1993 , Rushton 1993 , Nixon 2006 . According to their widespread distribution, oaks evolved different morphological and physiological traits enabling them to grow on sites with contrasting environmental conditions. This especially applies to drought-and flood-prone sites where water availability is the main environmental constraint affecting individual plant growth and viability. Oaks are generally considered to be less sensitive to drought because of deep-penetrating roots, xeromorphic leaf structure and effective stomatal control of transpirational water loss (Abrams 1990, Kubiske and Abrams 1993) . These adaptational traits enable them to maintain high water potentials during drought conditions, thus avoiding severe stress-or even drought-induced mortality. Notwithstanding, drought tolerance may differ considerably among oak species and provenances, reflecting adaptation to environments with different water availability (Dickson and Tomlinson 1996) .
Quercus robur, Quercus petraea and Quercus pubescens represent the most abundant oak species in Central Europe growing mainly on sites with less or irregular soil water supply where they are competitively superior to drought-sensitive tree species, e.g., F. sylvatica and P. abies (Ellenberg 1996 , Aas 1998 . Quercus robur is, however, not solely restricted to drought-prone sites, as it also occupies hydromorphic soils experiencing periodic flooding. This ecological difference suggests a higher requirement for water in Q. robur than in Q. petraea and Q. pubescens, which is well reflected by lower water use efficiency (Ponton et al. 2002) , higher sensitivity to soil water depletion (Vivin et al. 1993) or lower stomatal responsiveness to decreasing air humidity (Gieger and Thomas 2005) . Quercus pubescens, on the other hand, is commonly considered to be more tolerant to drought and requiring higher growth temperatures than the two other oak species because its main distribution is located in the warmer and dryer climates of the Mediterranean area of southern Europe.
In Switzerland, these three oak species can be found in pure or mixed forests on climatically contrasting sites spanning a wide range of annual temperature and precipitation (Ellenberg and Klötzli 1972, Brändli 1996) . Accordingly, it seems reasonable to expect that these oaks are locally adapted to cope with this environmental heterogeneity. However, there is a considerable lack of information on whether and how oaks in Switzerland adapted to local differences in temperature and precipitation, especially with regard to growth traits that have a strong impact on competitive ability and long-term establishment in plant communities (Coomes and Allen 2007) .
The aim of the present study was to (i) evaluate overall growth responses in oaks to experimentally applied drought and air warming, (ii) assess species-and provenance-specific differences in these responses and (iii) test whether provenance-specific differences are related to local climate variables of provenance origin. For this purpose, four provenances from Q. robur, Q. petraea and Q. pubescens each were selected from climatically different sites in Switzerland and Italy and subjected during three growth periods to drought and air warming. The oaks were harvested at the end of the growth experiment and analysed for shoot, stem and root growth characteristics.
Materials and methods

Provenance sites
Seeds were collected in 2003 from 5-10 mature trees of Q. robur L., Q. petraea [Matt.] Liebl. and Q. pubescens Willd. in 11 natural oak stands throughout Switzerland and additionally in 1 natural oak stand in Italy (Tuscany). Species identification was based on morphological leaf characteristics and published information on the genetic structure of the selected oak stands (Finkeldey and Mátyás 2003) . The collection sites covered a wide range of environmental conditions, with annual temperature ranging from 6.1 to 14.0 °C and annual precipitation ranging from 657 to 1668 mm. Altitude, latitude and longitude of the collection sites ranged from 310 to 900 m above sea level (a.s.l.), 43°34′ to 47°38′N and 6°41′ to 12°4′E (Table 1) . Collected germinating seeds were sown in spring 2004 in a nursery field 288 Arend et al. In spring 2006, the 2-year-old oak saplings were transplanted from the nursery field into the OTCs (two individuals from each provenance per lysimeter in a randomized design). All trees were grown with sufficient water supply and ambient air temperature for one season to ensure successful establishment. Water with an ionic composition equivalent to the 30 years' mean natural precipitation at the experimental site was supplied at intervals of 2-3 days, from May to October, by means of six sprinklers in each lysimeter compartment (10 l m −2 ). From October to March, the roofs of the OTCs were left open to allow natural precipitation. The side walls of the OTCs were fully open to prevent passive air warming. Drought, air warming and combination treatments started in spring 2007, with four OTCs assigned for each climate treatment and four OTCs assigned for controls. In drought and combination treatment, water supply was reduced during the growing season by temporary interruption of the irrigation. In air warming and combination treatment, daytime air temperatures were elevated by reducing the opening angle of the side walls of the OTCs.
Measurement of soil water status and microclimatological parameters
Volumetric soil water content was measured by time domain reflection (TDR 100; Campbell Scientific Inc., Logan, UT, USA) in each lysimeter compartment at 12, 38, 62 and 88 cm depth at intervals of 1 week throughout the growing seasons and 2-3 weeks out of the growing seasons. Soil-water matrix potentials were deduced from soil water content and physical soil properties using the RETC (retention curve) code (VanGenuchten 1980 , VanGenuchten et al. 1991 . Air temperature and relative air humidity were measured with shaded EL-USB-2 data loggers (Lascar Electronics Ltd, Salisbury, UK) in each growth chamber at 120 cm height at intervals of 1 h. Solar radiation outside the growth chambers was continuously monitored with an SP-LITE Silicon Pyranometer (Kipp & Zonen, Delft, The Netherlands).
Growth measurements
Shoot height growth was determined annually on current-year leader shoots, stem diameter growth was measured annually at the stem base (10 cm above ground) and maximal root length growth was determined on the main root axis after final root excavation in winter 2009. Annual shoot and stem growth for the 3 years of the experiment was added to total growth. Whole-tree leaf area was calculated for each indi vidual oak tree from leaf biomass formed in 2009 and leaf specific area. For determination of leaf biomass, leaves were completely harvested in early September 2009, oven dried for 2 days at 65 °C and weighed. Mean leaf specific area was determined on five morphologically representative leaves per tree by measuring single leaf area and single leaf dry weight.
Statistical analysis
All statistical calculations were performed with SPSS 15.0 (SPSS Inc., Chicago, IL, USA). Overall treatment effects and interactions among treatments were analysed as a threefactorial design (irrigation, temperature and provenance) by analysis of variance (ANOVA; general linear model procedure). Significance of control-treatment differences within provenances was tested by the Student's t-test in combination with Bonferroni correction. Relationships between provenance-specific growth responses and environmental variables were estimated by Pearson's correlation coefficients and Spearman's rank correlation. Treatments, interactions between treatments, control-treatment differences and correlations were considered significant when P < 0.05. All statistical calculations are based on eight replicate trees per treatment and provenance.
Results
Soil water status and microclimate
Soil water status measured at four different soil depths (12, 38, 62 and 88 cm) differed between control and drought treatments, depending on irrigation regime and season. The 62 cm soil depth was chosen for presentation because it was the deepest soil layer that could be accessed by all oaks in all treatments at the end of the 3-year growth period (Figure 1 ; cf. Table 3 ). In control and air warming treatment, soil water contents ranged approximately from 20 to 30% out of the growing season and from 15 to 25% within the growing season. Minimal and maximal soil water content in both treatments was equivalent to soil water matrix potentials of approximately − 30 and −70 hPa, respectively. In drought and combination treatment, soil water content ranged approximately from 12 to 20% out of
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Daytime air temperatures in the warming, drought and combination treatment were higher than in the control, especially during the growing seasons when solar radiation was high (Figure 2 ). During these periods, daytime air temperatures increased by up to 2 °C in the air warming treatment and by up to 3 °C in the combination treatment in relation to the control. In the drought treatment, daytime air temperatures were increased by up to 0.8 °C in the second year and by up to 2 °C in the third year. Relative air humidity was nearly comparable in all treatments during the growing seasons with mean values of 73.4, 72.3, 71.4 and 69.7% in control, air warming, drought and combination treatments, respectively.
Overall growth responses to drought and warming
Multi-factorial ANOVA in combination with descriptive statistics revealed overall effects of drought and air warming on oak growth irrespective of differences between species or provenances (Table 2 ; main effects and interactions including provenances). Drought was found to be a strong environmental constraint inhibiting growth in stems and shoots to different extents. Shoot height growth and stem diameter growth decreased by 44.5 and 42.2%, respectively, whereas root length growth was not significantly affected by drought. These growth responses in shoots and stems were influenced by significant 'drought × provenance' interactions, indicating provenance-specific differences in sensitivity to drought. Growth inhibition in shoots was additionally influenced by a significant 'drought × temperature' interaction, resulting in stronger inhibition of shoot height growth in oaks subjected to a combination of drought and air warming (48.5%) than in oaks subjected to drought alone (39.7%). Different effects on oak growth, partially opposite to those in drought treatments, were found in oaks subjected to air warming alone. Shoot height growth in these oaks increased by 14.0% while stem diameter growth and root length growth decreased slightly by 6.4 and 5.1%, respectively.
Provenance-specific growth responses to drought and warming
Total growth in shoots, stems and roots of non-treated oaks was highly variable among provenances, with provenance means for shoot height growth ranging from 50 to 273 cm, provenance means for stem diameter growth ranging from 0.4 to 2.0 cm and provenance means for root length growth ranging from 67 to 124 cm (Table 3) . For this reason, the collected growth data were normalized for differences in total growth by calculating control-treatment relations, thus allowing reliable comparisons of treatment responses among provenances. Root length growth was not considered for provenance-specific comparisons as it was not or less affected by the drought and air warming treatments (Table 3) . Above-ground growth characteristics were often inhomogeneous within provenances, 290 Arend et al. n.s., not significant; df, degree of freedom. Levels of significance: *P < 0.05; **P < 0.01; ***P < 0.001. making it difficult to find significant treatment responses, especially in the air warming treatment where control-treatment differences were rather small. Growth in shoots and stems was found to be strongly inhibited by drought, but with high provenance variation in the extent of responses, indicating provenance-specific differences in drought sensitivity (Figure 3) . Declines in shoot height growth and stem diameter growth varied from 15% in Q. pubescens Roverella to 62% in Q. robur Tägerwilen and from 12% in Q. pubescens Roverella to 50% in Q. robur Tägerwilen, respectively. This high variability was less obvious when treatment responses were calculated at the species level. Species-specific shoot height growth decreased by 27.8% in Q. pubescens, 40.6% in Q. robur and 44.2% in Q. petraea. Species-specific stem diameter growth decreased by 31.2% in Q. pubescens, 40.3% in Q. petraea and 41.2% in Q. robur. The responses of shoots and stems to drought were modified in a few provenances by concomitant air warming, albeit general response trends in the combination treatment were mostly similar to those in the drought treatment (Figure 3 ). Drought responses, for instance, Growth response of oaks to drought and warming 291 Lowercase letters indicate significant treatment effects of (a) drought, (b) air warming and (c) their interaction within provenances with P < 0.05 as calculated with provenance-specific ANOVAs according to a two-factorial test design (irrigation and temperature). Values are means ± SD; n = 8.
were strongly diminished by air warming in Q. petraea Corcelles but strongly enhanced in Q. pubescens Leuk and Roverella, indicating provenance-dependent interaction between drought and air warming. Air warming alone had a comparatively low effect on oak growth, except in Q. robur Bonfol, Hühnenberg and Magadino in which shoot height growth increased significantly by ~40% in response to this stimulus ( Figure 4) . Either shoot height growth in other provenances was unresponsive to air warming or effects were not statistically significant due to high heterogeneity of above-ground growth. Stem diameter growth did not significantly respond to air warming in any of the studied provenances (Figure 4 ). Growth responses of provenances to drought and air warming were additionally checked for correlations with environmental variables of provenance origin to test for local adaptation. Annual precipitation, annual temperature, longitude and altitude could not be statistically related to growth responses in shoots and stems (data not shown). However, there was a distinct trend towards increasing drought sensitivity of shoot and stem growth with increasing latitude, i.e., shoot height growth and stem diameter growth were overall more sensitive to drought in provenances originating from regions north of the Swiss Alps than in provenances originating from regions at the southern border of the Swiss Alps or from Italy ( Figure 5 ). Statistical analysis revealed significant correlations between latitude of provenance origin and drought sensitivity of shoot and stem growth (shoot growth: R = 0.699, P < 0.05; stem growth: R = 0.657, P < 0.05; Spearman's rank correlation).
Effects on allometric growth relations
Analysis of overall oak growth responses provided evidence that growth in shoots, stems and roots is differently affected by drought and air warming (cf. Tables 2 and 3). Ratios of stem diameter growth to shoot height growth (SD/SH) and root length growth to shoot height growth (RL/SH) were calculated for each provenance in control, drought and air warming treatments to gain more information on the effects of drought and air warming on these allometric traits (Figure 6 ). Only in some provenances were the effects statistically significant. Nevertheless, clear response trends were found among provenances, with decreased SD/SH and RL/SH ratios in oaks subjected to air warming and increased RL/SH ratios in oaks subjected to drought. Different behaviour was observed in Q. pubescens Promontogno in which RL/SH ratios appeared to be unresponsive to drought and air warming. Quercus pubescens Roverella differed from the other provenances in that it had exceptionally high RL/SH ratios in all treatments.
Effects of drought and air warming on whole-tree leaf area
The responses of whole-tree leaf area to drought and air warming were deduced from leaf biomass formed in 2009 and leaf specific mass. Overall ANOVA revealed a significant drought effect reducing whole-tree leaf area by ~31% across all provenances (P < 0.001). Air warming and interactions between treatments and with provenance had no significant effect on this trait. Reduction of whole-tree leaf area by drought was found in all provenances, but many of the provenance-specific drought effects were not statistically significant because of the exceptionally high variability within provenances (Table 4) .
Discussion
Responses of oaks to drought and air warming
Increasing drought and air warming are expected to change tree growth under conditions of climate change. While drought is known to limit tree growth by suppressing photosynthetic carbon sequestration and causing severe stress (Jolly et al. 2005 , Bréda et al. 2006 , warming is generally thought to act in an opposite way as it facilitates carbon allocation to internal growth processes (Saxe et al. 2001) . Such generalization can however be difficult since the effects of drought and warming on tree growth depend on the strength of these environmental factors and may vary between genotypes and growth processes (Dobbertin 2005) . Growth responses may even change with tree age, resulting in different behaviour of juvenile and mature trees. In the present long-term study, responses of stem, shoot and root growth to experimentally applied drought and air warming were investigated in saplings from 12 oak provenances originating from climatically different sites in Switzerland and Italy. The following general growth responses were observed among these provenances: (i) shoot height growth was reduced by drought and stimulated by air warming, (ii) stem diameter growth was reduced by drought and to a much lesser extent by air warming and (iii) root length growth was slightly reduced by air warming but unresponsive to drought. These overall findings are largely consistent with previous studies (Kozlowski 1982 , Vivin et al. 1993 , Collet et al. 1997 , Thomas 2000 , Saxe et al. 2001 , Ponton et al. 2002 , with the exception of the missing root growth response in the drought treatments, which was contradictory to studies showing impaired root elongation in oaks grown with severe soil moisture stress (Teskey and Hinckley 1981, Fort et al. 1997) .
Root responses to drought are still a matter of debate since previous studies have reported controversial results (cf. Joslin et al. 2000) . This controversy may be attributable to different experimental designs in root growth studies, testing trees in different ontogenetic stages or studying trees with different root growth characteristics. In our study, the missing drought response can be mainly explained by the strength of the applied drought treatments and the deep-reaching root system of the studied oaks. Indeed, it is well established that root growth in trees declines as soil water potential decreases Growth response of oaks to drought and warming 293 below a range of −0.3 to −1.0 MPa (Larson 1980 , Tesky and Hinckley 1981 , Kuhns et al. 1985 , Torreano and Morris 1998 . In our drought treatments, however, soil water potentials in deeper soil layers were, for most of the growing season, clearly above this critical range, making it unlikely that substantial growth decline occurred in the deep-reaching oak roots.
The missing response of root length growth to drought contrasted sharply with severe growth reduction in shoots and stems. Such differential response of below-and above-ground growth to drought is common in plants, and the resulting increase in root length to shoot height ratio has been widely considered as an adaptive mechanism by which plants readjust the balance between soil water absorption in roots and canopy water loss (Kozlowski et al. 1991) . The control of root to shoot growth relations is a complex issue that is not fully understood yet. To date, several hypotheses have been raised to explain the underlying mechanisms and how environmental variables affect this adaptive trait (cf. Farrar and Jones 2000) . Knowledge about organ-specific growth responses to environmental constraints is crucial to all these hypotheses. In oak saplings we show that drought-induced changes in root length to shoot height ratio are solely triggered by severe growth depressions in shoots, thus supporting the view that oaks adapt to drought by restricting canopy water loss rather than by facilitating soil water absorption from deeper soil layers. Some circumstantial evidence for this hypothesis comes from the reduction of transpiring leaf area in drought-subjected oaks that was associated with reduced shoot development. This effect was not, however, found to be significant in all provenances because of the high 294 Arend et al. variability of whole-tree leaf area, which was a result of strong lateral shoot development in a few individuals. This is a common phenomenon in young oaks, which possess weak apical control (Collet et al. 1997) .
Air warming, in contrast to drought, stimulated shoot height growth while stem diameter growth and root length growth were slightly reduced. The resulting decrease in root length to shoot height ratio and stem diameter to shoot height ratio is a well-known response to moderate warming, but its ecophysiological significance remains obscure (Hawkins and McDonald 1994 , Ericsson et al. 1996 , Saxe et al. 2001 , Way and Oren 2010 . Nevertheless, it might be speculated that such altered growth allometry has a negative impact on the mechanical stability of juvenile trees, making them more vulnerable to storms and heavy snow loads (Moore et al. 2008) , which are important environmental constraints in colder environments Kellomäki 1993, Nykänen et al. 1997 ). However, it remains unclear whether this is generalizable to adult trees, which exhibit different biomass partitioning.
Provenance-specific responses to drought and air warming
The sensitivity of shoot height growth and stem diameter growth to drought and air warming varied considerably among the studied provenances but much less when these growth traits were compared at the species level. The latter finding was unexpected as the studied oak species are commonly thought to differ from each other by their temperature and soil water demands, with Q. pubescens being much more tolerant to drought and requiring higher growth temperatures than Q. robur and Q. petraea (Ellenberg 1996, Timbal and Aussenac 1996) . However, this general belief is based on empirical knowledge mainly derived from ecological field studies rather than on experimental evidence, and differences among provenances have not been considered so far. In oak saplings, we show that sensitivity of oak growth to drought and air warming is not strictly determined at the species level, and furthermore we demonstrate that provenances from Q. pubescens are not necessarily more tolerant to drought than those from Q. robur and Q. petraea. For example, Q. pubescens LeLanderon was found to be among the most sensitive provenances to drought when all studied provenances of the three oak species were compared with each other.
The wide range in sensitivity to drought and warming that was observed among the provenances is in good agreement with exceptionally high degrees of intra-specific diversity in oaks (Jensen 1993 , Kleinschmit 1993 , Kriebel 1993 , Liepe 1993 , Finkeldey 2001 , but surprisingly the observed sensitivity pattern did not reflect local adaptation. In fact, growth sensitivity of the provenances could not be related to any local climate variable of the provenance sites from which seeds were collected. This might well be explained by the postglacial history of European oaks, which immigrated into Switzerland from distinct glacial refugia located in southern Europe. Regions north of the Swiss Alps were predominantly re-colonized from refugia in the Balkans while regions at the southern border of the Swiss Alps were re-colonized from refugia in Italy Sperisen 2001, Finkeldey and Mátyás 2003) . Given that oaks from these isolated glacial refugia diverged genetically, it seems reasonable to assume that genetic factors related to the immigration history of the studied provenances have interfered with selective pressure at the provenance sites and this might account for our failure to correlate the observed provenance sensitivity pattern with the local climate conditions. Some support for this assumption comes from the northsouth-directed variations in drought sensitivity of shoot and stem growth, which were found when these growth traits were related to the latitude of the provenance sites, i.e., shoot height growth and stem diameter growth were more sensitive to drought in provenances from northern latitudes than in provenances from southern latitudes, irrespective of any climate factor.
Conclusions
In conclusion, our study on oak saplings shows differential growth responses to drought and air warming in shoots, stems and roots, resulting in altered allometric growth relations. Increased root length to shoot height ratios may contribute to higher drought resistance in water-limited oaks by re-balancing soil water uptake and canopy water loss. Decreased root length Growth response of oaks to drought and warming 295 Table 4 . Whole-tree leaf area (m 2 ) of the oak provenances in control, drought, air warming and combination treatments in 2009. Lowercase letter (a) indicates significant treatment effects of drought within provenances with P < 0.05 as calculated with provenance-specific ANOVAs according to a two-factorial test design (irrigation and temperature). Effects of air warming were not statistically significant.
Values are means ± SD; n = 8.
to shoot height and stem diameter to shoot height ratios reflect mainly shoot-specific growth stimulation in response to air warming, which might have implications for resistance to mechanical stresses. Differences between provenances were not related to local climatic factors, suggesting that selection pressure at the provenance sites was either low or dominated by genetic factors related to the postglacial immigration history of the provenances. Taken together, the present study shows provenance-specific growth responses of oak saplings to drought and air warming that might be important for the establishment and regeneration of oaks in a dryer and warmer climate. However, it remains to be elucidated in future studies whether adult trees show similar growth responses.
